Human papillomavirus (HPV) 8 induces skin tumors which are at high risk for malignant conversion. The nucleotide sequence of HPV8 has been determined and compared to sequences of papillomaviruses with different oncogenic potential. The general organization of the HPV8 genome is similar to that of other types. Highly conserved, genus-specific sequences were found in open reading frames (ORFs) El, E2, and Li. In ORFs E6, E7, and L2, HPV8 is more distantly related, but it was possible to differentiate subgenera in which HPV8 belonged to the HPV1-cottontail rabbit papillomavirus group. Sequences within ORF E4 and part of ORF L2 are rather type specific. HPV8 stands out by several unique features: (i) the considerably reduced size of the noncoding region (397 base pairs), with a seemingly low potential for forming complex secondary structures; (ii) a cluster of putative promoter elements in the 3' half of ORF El; (iii) an RNA polymerase III promoter-like sequence close to the C terminus of ORF E2; and (iv) of particular interest, the homology between the putative protein encoded by ORF E4 and the Epstein-Barr virus nuclear antigen 2 protein, which may reflect similar mechanisms in virus-mediated transformation.
Papillomaviruses induce different types of benign tumors of skin and mucosa in humans and in animals (23) . Some of these lesions are known to progress into malignant tumors. The papilloma-to-carcinoma sequence has been clearly demonstrated in classical experiments on domestic rabbits infected with the cottontail rabbit papillomavirus (CRPV, Shope virus), but the role of the infecting virus and the molecular mechanisms involved in malignant conversion still remain to be elucidated. Malignant conversion in humans has been observed with the macular skin lesions of epidermodysplasia verruciformis patients, with condylomata acuminata, with laryngeal papillomas, and more recently with human papillomavirus (HPV)-associated dysplasias of the cervix uteri. Epidermodysplasia verruciformis is a lifelong-persisting skin disease (17) . Patients suffer from multiple flat warts with different morphology, which, after years, tend to cover the entire body. About 30% of the patients develop carcinoma in situ or squamous cell carcinoma in primary lesions. The benign tumors have been shown to be infected by an exceptionally broad spectrum of specific papillomavirus types (9, 13) . Of the 31 distinct HPV types currently recognized, as many as 16 were isolated from biopsies of epidermodysplasia verruciformis. An individual patient may be infected with up to six different HPV types (24) . In the cancers, viral DNA persists extrachromosomally in high copy number (22, 24) . However, there is usually only one virus type present. HPV5 or HPV8 was identified in about 90% of the cases, thus implicating these types as high-risk viruses (G. Orth, personal communication). A similar differentiation is possible for HPV types infecting the genital mucosa. HPVs 6, 10, 11, 16, 18 , and 31 are prevalent in cervical benign tumors, whereas HPV16 stands out by its persistent occurrence in more than 50% of cervical cancers (H. zur Hausen and A. Schneider, in N. P. Salzman and P. M. Howley, ed., The Papovaviridae: the papillomaviruses, in press). A comparison of low-risk and highrisk viruses is likely to reveal properties which are relevant to differences in the oncogenic potential. There are still no * Corresponding author. commonly used experimental in vivo or in vitro systems for HPV, but the analysis of DNA sequences provides some insight into the molecular biology of these viruses. DNA sequence data on different papillomaviruses showed a very uniform organization of the viral genomes. Most of the open reading frames (ORFs) are located in similar positions and are of comparable size. Some of them also show considerable homology at the level of nucleotide and amino acid sequences (2, 7, 10, 11, 29, 30) . All of the studied papillomavirus genomes also show a noncoding region of roughly 1 kilobase (kb). A functional analysis has been carried out only for bovine papillomavirus (BPV) 1, which induces fibropapillomas in its natural host and is able to transform fibroblasts of different species in vitro. In the nonproductive fibroma part of the bovine wart and in the transformed cells, only about 4 kb are transcribed which are regarded as coding for early viral functions (23) . The individual ORFs are therefore designated El through E8. Transfection of fibroblasts with deletion and linker insertion mutants as well as cDNA expression vectors revealed the importance of the following ORFs for specific purposes: El, for extrachromosomal replication; E7, for high-copy maintenance; E2, for trans-activation of transcription; and E6 and E5 for cell transformation (16, 28, 33, 37, 38) .
The remaining 3 kb of the viral genome harbors two ORFs, L(late)1 and L2, which code for the major structural protein and a minor capsid component, respectively (26) .
The highest degree of homology between different papillomaviruses was observed within ORFs El, E2, and Li, which code for proteins fulfilling basic functions in the viral life cycle. Heterogeneity in other genome regions is likely to reflect differences in both cell and tissue tropism and in oncogenic potential.
In this paper we present a comparative analysis of the nucleotide sequence of HPV8 which deserves special attention because of its association with human skin cancer. 
RESULTS
General properties of the HPV8 genome. The nucleotide sequence of HPV8 is presented in Fig. 1 . The genome consisted of 7,654 base pairs (bp). G+C content was 42.96%. Figure 2 gives an overview of the genome organization and shows the distribution of translational termination codons in six possible reading frames. All major ORFs were located on one DNA strand except for an ORF at position 3,882 to 3,208 which lacked an ATG initiation codon. On the putative sense strand, seven ORFs could be identified, which were designated El to E7 and Li to L2 according to the currently accepted nomenclature for other papillomaviruses (5 The positions of potential splice donor and splice acceptor sequences were determined by screening the HPV8 genome for the consensus sequences established by Mount (20) . There were three splice donor sites in good agreement with this consensus at positions 966, 4,088, and 7,510. The quality of acceptor sites was not as easy to evaluate as in the case of donor sites. Figure 2 shows a selection of sites which are close to the consensus sequence. Most of them appeared in genome regions which were homologous to active splice acceptor sites of BPV1, CRPV, or both (6, 21, 35, 37) .
Early region. The early region of HPV8 was made up of ORFs E6, E7, El, E2, and E4 and represented 52% of the genome. There were no equivalents to ORFs E3, E5, and E8 of BPV1. At the beginning of ORF L2, one of the parallel reading frames coded for amino acid sequences which showed homology with translations of ORF E5 from CRPV and HPV1. The relationship to HPV1 was mainly confined to the area upstream of its ATG codon. The HPV8 frame was interrupted with several stop codons and therefore could not give rise to a protein.
The 5' part of the early region in HPV8 contained the ORFs E6 and E7, both moderately conserved among known papillomaviruses (Table 2) . A rather close relationship existed between HPV8 and HPV1. A striking feature of E6 and E7 proteins was the precise spacing of the repetitive C-X-X-C sequence motif. HPV8 followed this rule, showing, however, an additional repeat in the N-terminal region of E6. The homology observed between E6 of CRPV and the family of ATP synthases (10) seemed to be very poor in the case of HPV8.
Most of the early region of HPV8 was occupied by ORFs El and E2. It is well recognized that the C-terminal moieties of El as well as N and C termini of E2 are highly conserved among different papillomaviruses, and this also held true for HPV8 (Table 2) . A relationship has been noted between the C termini of the putative E2 proteins of various papil- Table 2 ). There was no ATG translation initiation codon over the entire length of E4 in HPV8. Therefore we tested for coding probability of this ORF by examining the codon usage and the positional base preference (34) by using ORF Li as a reference frame. The evaluation of both parameters suggested that ORF E4 is likely to code for a protein (data not shown). Interestingly, the coding potential began only downstream of the splice acceptor signal in the N-terminal part rather than at the start of the ORF (Fig. 2) . The putative product of E4 has a remarkably high content of proline (37%), which suggests a hydrophobic character and complicated tertiary structure. Looking for related proteins, we screened DNA and protein data banks. We found 38% homology at the nucleotide sequence level within 650 bp starting in the BamHI Y fragment of Epstein-Barr virus (EBV). This fragment harbored a reading frame which codes for part of the EBV-specific antigen EBNA2 (12) . The DNA relationship between HPV8 and EBV was also reflected on the protein level. Figure 3 presents the alignment of the putative E4 polypeptide with the EBNA2 proteins of EBV strains B95-8 and AG876. The overall homology was more obvious in the case of the E4-B95-8 comparison. There were three areas of significant homology where the sequences could be aligned without introducing major gaps. In the first region, the homology was based mainly on the proline repeats, whereas in two further areas, the three proteins shared unique sequences. It should be noted that most of the gaps which were introduced in E4 for optimal alignment with EBNA2 coincided with regions of high variability between both EBNA proteins. Further screening of the available data banks revealed no homologies of comparable quality.
Late region. The late region of HPV8 contains two large ORFs, L2 and Li. The putative polypeptide of Li follows the rule of well-conserved sequences observed among all papillomaviruses (Table 2) . Much more complicated relations could be observed within ORF L2 (Fig. 4) . Besides HPV8, E4 EBV B95-8, EBNA 2 LBV AG876, EBNA 2 H H Q D K Q T Q 'IT P P P P P P P s P.,
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..:: generally conserved N and C termini consisting of about 80 and 10 amino acids, respectively, there were four patches of genus-specific sequences in the middle of L2 proteins. Almost no relatedness appeared within the C-terminal third of the ORF, which must be therefore regarded as type-specific. The homology pattern between coordinates 80 and 400 (Fig.  4) suggests a subdivision of the analyzed viruses into three groups: (i) HPV8, HPV1, and CRPV; (ii) HPV6 and HPV16; and (iii) BPV1 and deer papillomavirus (DPV1). DISCUSSION Sequencing data on HPV8 revealed a viral genome showing a number of specific features projected onto a basic structure, common to all papillomaviruses. With its 7,654-bp genome, HPV8 was relatively small. This was due to the considerably reduced size of the noncoding part of the genome (397 bp as compared to 650 to 900 bp in other papillomaviruses). The small size seemed to be a consistent feature of HPV8. The DNA length of an HPV8 variant was 7,600 bp, as determined by electron microscopy (14) . By using restriction enzyme analysis and partial sequencing, we found a noncoding region of comparable size in a third independent isolate (unpublished data). In contrast to other papillomaviruses, the noncoding region of HPV8 seemed to have only a limited potential to form complex secondary structures. Nevertheless, a subclone carrying the short noncoding region of HPV8 persisted extrachromosomally over at least 40 generations in C127 and HeLa cells (P. G. Fuchs, unpublished data). This finding points to a functional integrity of the origin of replication, supposed to be located within the noncoding region of papillomaviruses (15, 36) . In this context, it may be noteworthy that HPV8 sequences at position 173 to 193 show similarity with plasmid maintenance sequences 1 and 2 of BPV1 (15) . In contrast to the noncoding part of the genome, all ORFs of HPV8 were larger than their counterparts in other papillomaviruses.
A number of interesting features could be detected when looking at the transcription control signals of HPV8. Most surprisingly, a cluster of promoter elements was found within ORF El, which may define a specific transcription unit for the downstream part of the early region. A single promoter consensus sequence of similar location is known in HPV16 (30) . There were also some indications for a functional promoter in El of BPV1, which is, however, without manifestation at the sequence level (2, 35) . Conserved promoter elements at the beginning of ORF E6 were shown to represent the major early promoter of BPV1 and CRPV. There was a homologous CAAT motif with 18 nucleotides at position 59 in front of the first methionine of HPV8 E6. No canonical TATA box consensus sequence could be detected, but TATA-like elements appeared between positions 124 and 147 in front of the first ATG codon of E6 which are likely to function as an early promoter of HPV8. Sequences which were shown to represent active promoters of the adenovirus ElA gene, of SV40 early genes, and of Rous sarcoma virus large terminal repeat (31) were found 20 nucleotides downstream of the only HPV8 E6 ATG codon. Such a promoter element could give rise to a message coding for ORF E7, for example. Two promoter consensus sequences without a precedent in other papillomaviruses were located close together within ORF Li. It is interesting to note that the distance from Li promoters to the beginning of E6 is roughly comparable to the same distance in the case of the second noncoding region promoter of BPV (2) . One might speculate that the HPV8 promoter elements are pushed into Li as a result of the short noncoding region.
A peculiar feature of HPV8 was the occurrence of RNA polymerase III (PollIl) promoterlike sequences within ORF E2. Adenoviruses and EVB are known to code for small RNAs originating from PolIl transcription units. Virusassociated RNAs from adenovirus type 2 were shown to be involved in regulation of protein biosynthesis (27 (37) .
Patterns of homology between putative proteins from HPV8 and other papillomaviruses followed the typical schema. ORFs El, E2, and Li revealed rather genus-specific sequences, reflecting their involvement in basic viral functions such as replication, gene expression, and capsid formation. The homology within El extended to described similarities with the large T antigen of polyomaviruses (3), suggesting that ORF El of HPV8 also has nucleotide binding properties. ORFs E6, E7, and L2 revealed only a scanty framework of genus-specific elements. However, the areas of low homology were of special interest since they were likely to code for type-specific functions. Based on the relationship of putative E6, E7, and L2 proteins, the sequenced papillomaviruses could be classified in three groups, HPV1, HPV8, and (less clearly) CRPV, HPV6, and HPV16, and finally, BPV1 and DPV. This grouping obviously correlated with the tissue specificity of the viruses. HPV1, HPV8, and CRPV infect the skin, HPV6 and HPV16 are specific for mucosa, and BPV1 induces fibropapillomas (23) . The correlation might suggest that E6, E7, and L2 code for functions which are important for virus-target cell interaction. The greatest divergence in coding regions of papillomaviruses occurred within ORF E4 and in the C-terminal third of ORF L2. This indicates that these regions are subject to heavy selective pressure, which may be exerted by the host's immune system or by intracellular control systems.
Certainly the most intriguing question to ask with regard to HPV8 is whether there are any special sequence properties potentially connected with the frequent malignant conversion of skin lesions induced by this virus. Genetic analysis of BPV1 demonstrated the involvement of ORFs E6 and ES in transformation of mouse fibroblasts (28, 38 (32) . It will be interesting to unravel the activities of E4 and EBNA2 proteins in epithelial cells and to see whether the sequence homologies reflect similar biological properties with regard to cell transformation.
